Tin oxide (SnO 2 ) is an important oxide for efficient dielectrics, catalysis, sensor devices, electrodes and transparent conducting coating oxide technologies. SnO 2 thin film is widely used in glass applications due to its low infra-red heat emissivity. In this work, the SnO 2 electronic band-edge structure and optical properties are studied employing a first-principle and fully relativistic full-potential linearized augmented plane wave (FPLAPW) method within the local density approximation (LDA). The optical band-edge absorption a(v) of intrinsic SnO 2 is investigated experimentally by transmission spectroscopy measurements and their roughness in the light of the atomic force microscopy (AFM) measurements. The sample films were prepared by spray pyrolysis deposition method onto glass substrate considering different thickness layers. We found for SnO 2 qualitatively good agreement of the calculated optical band-gap energy as well as the optical absorption with the experimental results. #
Introduction
Tin oxide (SnO 2 ) compounds have been recognized as very promising materials with large technological applicabilities. SnO 2 [1] , in general has some applications as transparent conductors, e.g.: (i) as electrodes in solar cells covering the front surface of these devices or as electrodes in organic semiconductors based devices; (ii) flat-panel displays; (iii) electromagnetic shielding maintaining transparency; (iv) defrosting windows; (v) low emissivity windows; (vi) oven windows.
In this work, we have investigated the optical and morphological aspects of SnO 2 films deposited onto glass substrates using the spray pirolysis technique. The morphology changes significantly after annealing, influencing the optoelectric properties. Studies on electronic band-edge structure and optical properties were performed for SnO 2 by employing a first-principle and fully relativistic full-potential linearized augmented plane wave (FPLAPW) method within the local density approximation (LDA).
Experimental
The samples are prepared by spray pyrolysis technique onto glass or quartz substrates. Spray pyrolysis is based on the pyrolitic decomposition of a metallic compound dissolved in a liquid mixture when it is sprayed onto a preheated (400 8C) substrate. The samples are from Flexitec Ltda [2] .
The experimental transmission and reflection spectroscopy calibrated apparatus consists of a halogen lamp used as the light source for the measurement. The light beam is diffracted by a plane diffraction gratings attached to a step motor. Both, reflection and transmission signals are acquired simultaneously, within the range of 300-980 nm with resolution of 0.602 nm per step.
The sheet resistance is determined using a four-probe method and the film thicknesses were obtained with a Perfilometer Dektak3. The Surface analysis were performed www.elsevier.com/locate/apsusc Applied Surface Science 252 (2006) 5361-5364 using an atomic force microscopy, AFM model SPM 9500J3 from Shimadzu Manufacturer, scanning in dynamic mode.
Theoretical model and results
The experimental absorption spectrum of SnO 2 is obtained from the measured transmission and reflection spectra. The absorption coefficient (a) is determined by the equation
where d is the thickness of the sample, T is the transmission and R reflection. The spectroscopic characterization of a SnO 2 thin film, 420 nm, is presented in Fig. 1 . Tin oxide film presents high transmittance in visible region being suitable for several applications where one needs good transparency and conductivity. The conductivity in thin films is generally related to the morphology. The surface morphology of SnO 2 films was studied with atomic force microscopy using several samples with different thickness. Here we present one example of the SnO 2 surface morphology dependence on sheet resistance. The grain size increases with the annealing while the sheet resistance decreases. The films presented uniformity and the roughness can be seen in the gray range bar. Since the size grain increases in dimension when the resistance values decrease, it suggests that the charge transport is occurring predominantly intra-grain in cases of lower resistance, or equivalent to greater grains, and that there is a preferential charge transport intergrain in greater resistance samples, where there are more the interface grains, in this kind of microstructure it is usually not dominated by bulk properties but by grain walls, which either act as low conductivity blockades or as high conductivity carrier accumulation regions [1] . This behavior is found for all thickness samples, but the sheet resistance does not decrease to 50 V/&, the dependence of the sheet resistance on thickness is logarithmic [1] . The annealing also improves the transmittance. In Fig. 1 , the spectrum is presented after the annealing treatment.
The SnO 2 electronic band-edge structure and optical properties are studied, employing a first-principle and fully relativistic full-potential linearized augmented plane wave method [3] within the local density approximation, improved by an on-site Coulomb self-interaction potential (LDA + U SIC ) [4] .
The imaginary part e 2 (v) = Im[e(v)] and the real part e 1 (v) = Re[e(v)] of the dielectric tensor were calculated directly from the electronic structure, using the joint densityof-states and the optical matrix elements, as [4, 5] where e is the electron charge, m its mass, V the crystal volume and f kn is the Fermi distribution. The real part of the dielectric function, e 1 (v), is obtained from e 2 (v) using the Kramers-Kronig transformation e 1 ðvÞ Reðeðq ¼ 0; vÞÞ
where q is the electrical charge.
The absorption coefficient, a(v), is obtained directly from the relation
where c is the velocity of light. Earlier measured [6, 7] low-temperature band-gap values of TO ranges from E g = 3.4-4.0 eV. We have used the LDA + U SIC approach and fit our correction parameters and we find that TO has a direct G-point band-gap with E g (LDA + U SIC ) = 3.4 eV. The FPLAPW LDA + U SIC electronic structure (Fig. 3 ) reveals a single band conduction band minimum with (single-group) G þ 3 symmetry at the G-point. The calculated LDA + U SIC absorption spectrum (Fig. 4) , our measurements, and the unpolarized spectroscopy absorption spectra of TO by Sundaram and Bhagavat [6] and De Souza et al. [7] agree well. It is important to point out that calculated absorption is for T = 0 K and the measured one is for room temperature, and therefore the measured E g should be lower due to T-dependent band-gap narrowing. The very weak absorption at photon energies 3.4-4.0 eV is a consequence of the symmetry-forbidden optical transitions G Fig. 3) . Away from the G-point, optical transition is allowed, but the absorption is still low because the orbital symmetry (i.e. its s-, p-, and d-like character) of these conduction and valence band changes smoothly. At $4.0 eV, one observes a strong onset to absorption due to the transitions from the second and third uppermost valence bands lying about 0.8 eV below the valence-band maximum (see Fig. 3 ).
Conclusions
In summary, we present our investigation on high transmittance and conductive TO films prepared by spray pyrolysis, regarding its optical and morphological properties, theoretically and experimentally. The calculated optical bandgap energies as well as the optical absorption were found to be in a good qualitatively agreement with the experimental results. The surface morphology of the SnO 2 films correlates with the sheet resistance value, as the grains increase in size the conductance of the films increases, improving also the transmittance. [6] and Exp. 2 (solid square) De Souza et al. [7] .
